Diagnostic certainty of idiopathic pulmonary fibrosis (IPF) is critical to determine prognosis and therapeutic options. The U.S. Food and Drug Administration-approved antifibrotic agents pirfenidone and nintedanib are currently only indicated for IPF, and immunosuppressants frequently used to treat other interstitial lung diseases (ILD) have been associated with worse outcomes when used for IPF (1) (2) (3) (4) . According to current guidelines, a diagnosis of IPF requires identification of a usual interstitial pneumonitis (UIP) pattern by high-resolution computed tomography (HRCT) and/or microscopic tissue examination (1) . The diagnosis can be made by HRCT alone in z50% of cases, when all UIP criteria are met, including honeycombing (1) . However, the inability to visualize microscopic honeycombing (,2-3 mm) or distinguish honeycomb from traction bronchiectasis is a frequent cause of diagnostic uncertainty (5, 6) . When HRCT is inconclusive, surgery is required to obtain wedge biopsies for microscopic evaluation (1), which is associated with morbidity/mortality risks in patients with IPF (7) (8) (9) . This mandates a cautious approach to employing surgical biopsy for diagnosis, and precludes its repeated use to assess disease progression.
We demonstrate the use of in vivo endobronchial optical coherence tomography (OCT) as a minimally invasive method to microscopically assess and diagnose UIP/IPF without tissue removal. OCT provides rapid, three-dimensional imaging with microscopic resolution (,10 mm) well beyond HRCT capabilities, and can assess significantly larger tissue volumes (z1003) than can be assessed microscopically from surgical biopsies (10) . OCT is performed by passing a narrow catheter through a standard bronchoscope working channel out to the peripheral lung and conducting helical scanning with pullback lengths up to 10 cm. Some of the results of these studies have been previously reported in the form of an abstract (11) (12) (13) .
Methods
We conducted a pilot study in five sequential patients with ILD undergoing video-assisted thoracic surgical biopsy for diagnosis at Massachusetts General Hospital. Endobronchial OCT was performed before each biopsy. Imaging locations were selected based on sites of abnormalities identified on HRCT, with four to six OCT pullbacks obtained per patient. The total time needed to collect all OCT data was ,6 minutes. OCT imaging was interpreted independently of biopsy. The OCT images in Figures 1 and 2 are representative still frames selected from larger volumetric datasets. Patients consented to participate in the study (approved by the Partners Human Research Institutional Review Board, #2015-P001345). A summary of the cases is presented in Table 1 .
Results
Endobronchial OCT accurately identified UIP/IPF by detecting salient microscopic honeycombing and other UIP features in patients with nondiagnostic HRCT. In cases 1-3, nondiagnostic HRCT showed bibasilar, subpleural reticular opacities but no honeycombing. OCT showed microscopic features of UIP ( Figure 1A ), including multifocal microscopic honeycombing seen as irregular, cystic, signal-void spaces embedded in peripheral, destructive, signal-intense fibrosis with loss of alveolar architecture, just beyond the bronchiolar epithelium. OCT visualized spatial heterogeneity as regions of preserved alveoli adjacent to regions of fibrosis. Subsequent biopsies ( Figure 1B ) independently confirmed the UIP diagnosis in all patients.
Endobronchial OCT accurately differentiated traction bronchiectasis from microscopic honeycombing to identify non-UIP/IPF ILD in a patient with a false-positive diagnosis of UIP/IPF by HRCT. In case 4, HRCT showed subpleural reticular opacities, traction bronchiectasis, and honeycomb change, consistent with "definitive UIP" based on current guidelines (1). Because the patient had a history of juvenile arthritis and may have had an autoimmune-related ILD, a surgical biopsy was obtained. OCT ( Figure 1C ) visualized numerous foci of traction bronchiectasis as cystic airway branchpoints connected to the main airway, with nondestructive interstitial fibrosis in alveolar walls. No honeycombing or other UIP features were seen. A subsequent biopsy ( Figure 1D ) independently confirmed all of the features visualized on OCT, including traction bronchiectasis and interstitial fibrosis with a nonspecific interstitial pneumonitis-like pattern, which led to a non-UIP/IPF ILD diagnosis. Upon retrospective assessment at a multidisciplinary conference, it was determined that the honeycombing seen on HRCT was a false positive due to traction bronchiectasis.
Endobronchial OCT identified microscopic honeycombing and other UIP features in a patient with nondiagnostic HRCT and indeterminate surgical biopsy. In case 5, HRCT showed bibasilar subpleural reticular opacities, with mild ground-glass opacities and traction bronchiectasis, but no honeycombing. OCT (Figure 2A) showed dense, destructive subpleural fibrosis, with loss of alveolar architecture. Foci of irregular, cystic, multilayered, signal-void spaces were embedded within fibrosis, Supported in part by NIH grants K23HL132120, T32CA009216, and R01CA167827.
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Discussion
With total imaging times of ,6 minutes, a fraction of the time required for surgical biopsy, we have shown that minimally invasive endobronchial OCT can establish accurate diagnoses of UIP/IPF and non-UIP/IPF ILD in patients with nondiagnostic HRCT or with a false-positive diagnosis of UIP/IPF by HRCT. OCT can detect and distinguish microscopic features of UIP/IPF and non-UIP/IPF ILD, including fibrosis extent and distribution, microscopic honeycombing (,2 mm) not visualized by HRCT, and traction bronchiectasis confused with honeycombing on HRCT. Fibroblastic foci, a histologic criterion for UIP/IPF, are not visible by HRCT and thus are not part of the HRCT criteria for UIP/IPF (1). The distinction between definitive and probable UIP/IPF diagnoses by HRCT rests on the detection of honeycombing. Therefore, we anticipate that accurate recognition of honeycombing by OCT, rather than assessment of fibroblastic foci, will provide high diagnostic accuracy, as demonstrated by the presented cases.
UIP/IPF is characterized by patchy disease with spatial heterogeneity. Thus, it is well known that lung biopsy can be an imperfect diagnostic technique owing to small tissue volumes and sampling error. Endobronchial OCT images significantly larger tissue volumes and can access more distinct locations than biopsies, and thus is less likely to suffer from sampling errors. It is postulated that in case 5, OCT may have visualized honeycomb foci in regions that were not captured within the more limited surgical biopsy tissue.
The above case vignettes support the potential of OCT to serve as a low-risk microscopic complement to HRCT for the assessment and diagnosis of UIP/IPF in vivo without surgery or tissue resection. Further validation studies are needed to assess the sensitivity/specificity of OCT for UIP/IPF diagnosis. OCT, by virtue of its minimal invasiveness, can be performed under conscious sedation and allows patients to be studied repeatedly over time. This will provide unique opportunities to investigate the natural history of IPF pathogenesis and assess the efficacy of new therapeutic agents longitudinally at the microscopic level, which would be a tremendous tool in both clinical and research settings. n 
